[1] Multiple analyses of dissolved organic carbon (DOC) from pore waters were conducted to define the processes that govern carbon balance in peatlands: (1) source, reactivity, and transport of DOC with respect to vegetation, peat, and age of carbon substrate, (2) reactivity of DOC with respect to molecular size, and (3) lability to photoxidation of surficial DOC. We found that surface organic production fuels heterotrophic respiration at depth in advection-dominated peatlands, especially in fens. Fen DOC was Δ 14 C enriched relative to the surrounding fen peat, and fen respiration products were similar to this enriched DOC indicating that DOC was the main microbial substrate. Bog DOC was more variable showing either enrichment in Δ 14 C at depth or Δ 14 C values that follow peat values. This variability in bogs is probably controlled by the relative importance of vertical transport of labile carbon substrates within the peat profile versus DOC production from bog peat. These results extended our set of observations to 10 years at one bog-fen pair and add two additional bog-fen pairs to our series of observations. Anaerobic incubations of peat, rinsed free of residual DOC, produced DOC and respiration products that were strikingly similar to the peat values in a bog and two fens. This result demonstrated conclusively that downward advection is the process responsible for the presence of modern DOC found at depth in the peat column. Fen DOC has lower C/N values and up to twice as much LMW (<1 kDa) DOC as bogs due to differences in organic inputs and greater microbial processing. Fluorescence irradiation experiments showed that fen DOC is more photolabile than bog DOC.
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Introduction
[2] Global peatlands hold approximately one third of total soil carbon [Gorham, 1991; Post et al., 1982 Post et al., , 1985 with 450-547 GtC stored in northern peatlands [Gorham, 1991; Yu et al., 2010] . These carbon sinks exist because anaerobic conditions cause organic matter decomposition to be slower than production [Moore et al., 1998 ]. Since the anaerobic conditions rely on water saturation, climatic changes such as precipitation patterns may affect the carbon storage potential of these systems. Drought-like conditions may increase aerobic respiration and decrease dissolved organic carbon (DOC) export to adjacent ecosystems [Fenner and Freeman, 2011; Fenner et al., 2001; Freeman et al., 2001; Moore et al., 1998 ], while higher rates of soil respiration could be caused by rising temperatures. Changing climate apparently will favor vascular plants such as sedges and deciduous shrubs, with a concomitant decline in bryophytes (Sphagnum spp.) and lichens [Bragazza et al., 2012; Post et al., 2009; Walker et al., 2006] , which may affect DOC quality and greenhouse gas emissions . The capability to predict the future response of these complex carbon sinks to a changing climate is challenging but essential [Gorham, 1991; Limpens et al., 2008; Moore et al., 1998] . In this paper, we compare DOC characteristics and quality in the two principal peatland types, fens and bogs. This analysis will allow for a better understanding of how climate change will affect the remineralization of carbon in these different environments.
[3] Raised bogs and patterned fens comprise the main cover types of the Glacial Lake Agassiz Peatland (GLAP) in terms of aerial abundance [Glaser et al., 1997] . The nearly flat landscape, which inhibits drainage, accounts for continual peat development [Glaser, 1987] . Also, the sparse network of rivers amplifies ground water recharge and helps maintain high water tables by reducing drainage and runoff [Glaser et al., 2006] . Bog pore water typically has pH values between 3.8 and 4.1, Ca 2+ concentrations between 0.5 and 2.1 mg L
À1
, and conductivity between 12 and 50 uS cm À1 . These conditions are mainly due to the raised topography and isolation from groundwater that causes bogs to be ombrotrophic environments. Fen pore water, in contrast, has pH values between 5.2 and 7.0, Ca 2+ concentrations between 3.0 and 19.6 mg L
, and conductivity values 23-128 uS cm
, which characterize fens as minerotrophic environments. At the GLAP, bog vegetation consists of Sphagnum moss for the most part while fen vegetation consists mostly of vascular Carex plants in addition to site-specific fen indicator species [Glaser et al., 1981] .
[4] The GLAP is underlain by glacial till with high permeability and contains groundwater mounds located under raised bogs [Siegel, 1983; Glaser et al., 1997; Reeve et al., 2000] . Fens, located in areas of low topography, have been generally been viewed as zones of groundwater flow, whereas bogs form local recharge cells that may develop over regional discharge zones in the dry climate of the GLAP [Siegel and Glaser, 1987; Siegel et al., 1995; Glaser et al., 1997] . Evidence for downward groundwater flow has been observed in tritium profiles where bomb-era tritium has been found deep in the bog peat profile [Gorham and Hofstetter, 1971; Siegel et al., 2001] . Modern DOC has been found at depth in the peat pore water as well, and it has been hypothesized that this modern DOC is derived from downward advection of surficial substrates from the surface, which are more labile than substrates in the deeper peat [Chasar et al., 2000; Chanton et al., 2008] .
[5] DOC is produced as organic matter decays but may also be released from plant roots. In fens, these roots may be some 0.5 to 1 m deep [e.g., Popp et al., 2000] . The difference in vegetation patterns and pore water chemistry found in bogs and fens suggests that the DOC pools in these ecosystems may be distinct, in part because of these different sources. D'Andrilli et al. [2010] and Tfaily et al. [2013] observed molecular composition changes of fen DOC with depth, but few changes of bog DOC with depth. These trends are broadly consistent with the hypothesis that fen DOC is more reactive and labile than bog DOC, although these differences in reactivity may either be due to the nature of the organic matter itself or to the differing conditions in the two environments [nature versus nurture, see Chanton et al., 2008; D'Andrilli et al., 2010] .
[6] Differences in the organic matter lability between bogs and fens may be indicated from C/N ratios of dissolved organic matter (DOC/DON). Lower C/N ratios are indicative of more labile organic matter [Finzi et al., 1998; Melillo et al., 1982] . The size of the DOC compound may also be related to its reactivity. Low molecular weight (LMW) DOC is a product of the processing of high molecular weight (HMW) DOC [Burdige and Gardner, 1998; McArthur and Richardson, 2002] , and is generally thought to be of lower reactivity [also see Amon and Benner, 1996] .
[7] The goals of this work are to: (1) examine the consistency of radiocarbon profiles in a bog and fen over a decadal time period, (2) extend previous observations of differences in the radiocarbon distributions between DOC, DIC, and solid-phase peat between bogs and fens to two additional bog-fen pairs, (3) evaluate the relative proportions of LMW-and HMW-DOC in the bogs and fens and examine how these characteristics may be indicative of DOC reactivity and processing, (4) analyze differences in radiocarbon and DOC/DON values between LMW-DOC and HMW-DOC, (5) examine the relative lability of bog/fen DOC by assessing its sensitivity to sunlight, and (6) test the hypothesis [Chasar et al., 2000; Chanton et al., 2008] that modern DOC is advected downward from surface peat, and thus respiration in deep peat is also influenced by organic matter production at the surface.
Methods

Sites and Field Measurements
[8] Pore water and peat samples were collected from various sites in the Glacial Lake Agassiz Peatlands (GLAP) in northern Minnesota [Glaser et al., 1981] (Table 1) . A peristaltic pump with Teflon tubing was used to collect pore water from 1.25 cm diameter PVC piezometers at 0.5 m depth intervals [Chason and Siegel, 1986; Romanowicz et al., 1993; Siegel and Glaser, 1987] . All field samples refer to pore water measurements. These samples were collected at or below the water table. A depth of 0 m corresponds to the top of the water table, not the top of the peat profile.
Radiocarbon
[9] The preparation of Δ 14 C-DOC and Δ 14 C-peat samples was done at the National High Magnetic Laboratory at Florida State University. DOC was freeze dried in combusted Pyrex glass tubes. Oxidizing agents, cupric oxide, copper shots, and silver, were added to the tubes. These tubes were evacuated and flame sealed on a vacuum line. The sealed tubes were then combusted at 580°C for 18 h to convert the organic carbon to CO 2 gas [Peterson et al., 1994] . Following combustion, the produced CO 2 was then taken back to the vacuum line, and the CO 2 was cryogenically purified. The purified CO 2 gas was split to produce samples for δ 13 C-DOC and Δ 14 C-DOC analysis. The preparation of Δ 14 C-DIC and Δ 14 C-CH 4 was done at Florida State University. The samples were cryogenically purified on a vacuum line. The break seal tubes for Δ 14 C analysis were sent to National Ocean Sciences Accelerator Mass Spectrometry Facility (NOSAMS) for analysis. The tubes for δ 13 C-DOC and
C-peat were analyzed with a dual inlet system isotope ratio mass spectrometer (Thermo-Finnegan MAT Delta XP GC-IRMS) at the National High Magnetic Laboratory at FSU. Samples for δ injection on a GC combustion-interfaced Finnegan MAT Delta V isotope ratio mass spectrometer (GC IRMS) . All concentration, radiocarbon, and stable isotope data have been included as supporting information.
Incubations
[10] Duplicate incubations were set up in 125 mL serum vials with Bellco (blue) butyl rubber septa. The samples were from Red Lake (RL) II Bog, RLII Fen, and RLIV Fen. Approximately, 20-30 mL of wet peat from selected 10 cm depth intervals spanning each peat column [Corbett, 2012] was placed in combusted 60 mL glass vials. The peat within each vial was rinsed three times with 20 mL of degassed milli Q water to provide a clean, clear rinse and to remove any residual DOC in the peat. Thus, any DOC and DIC produced in these vials were derived solely from the respiration of the peat itself. The vials were sealed and flushed with N 2 . To ensure anaerobic conditions, the vials were stored for two weeks, then flushed a second time with N 2 , and finally incubated at 25°C for 250-300 days. We corrected for any dissolved CO 2 using the extraction efficiency determined by measuring known concentrations of dissolved sodium bicarbonate in vials of different size and water content. Methane extraction efficiency was 95% as determined from repeated extractions.
Size Fractionation
[11] DOC pore water was filtered using Amicon Stirred Ultrafiltration Cells with 1.0, 3.0, 10, and 100 kDa 62 mm Omega ultrafiltration membrane disc filters. N 2 gas was used to pressurize the cells. Filters were stored in milli Q water (ultra pure water of resistivity of 18.2 MΩ · cm at 25°C). Milli Q water was first passed through the filters to rinse them before samples were run. The flow rate through the cells was controlled by holding the pressure in the cells to between 1.0 and 10 psi, which also prevented membrane rupture. Standards made with polystyrene sulfonate sodium (PSS) salt with molecular weights of 1.8, 5.18, 18, and 200 kDa with an average concentration of 2300 uM were run through the filters to make sure the filtration system retained the appropriate DOC sizes. The average milli Q water filtrate contained 55 ± 17 uM DOC and the average PSS filtrate contained 280 ± 240 uM DOC. Filtered water was collected in acidified and combusted DOC vials for DOC and radiocarbon analysis. The percents of DOC in each size fraction (≥ 100 kDa, 10-100 kDa, 3-10 kDa, 1-3 kDa, and ≤ 1 kDa) were determined by subtracting the filtrate concentration of the smaller filter size from the larger filter size and dividing the result by the total DOC concentration (mM) and multiplying by 100. For example, 10-100 kDa% = (5691-3484) / 6372*100. DOC% ≤ 1 kDa was determined by dividing the 1 kDa filtrate concentration by the total concentration and multiplying the result by 100.
DOC/DON Ratios
[12] Pore water was filtered with 47 mm diameter Whatman Grade GF/F Glass Microfiber Filters with 0.70 um particle retention, and Whatman Grade GF/D glass microfiber filters with 2.0 uM particle retention. Dissolved organic carbon and total nitrogen concentrations were quantified using a Shimadzu TOC 5000 (total organic carbon) analyzer equipped with a TNM-1 (total nitrogen measuring) unit at FSU. The coefficient of variation for multiple analyses of DOC and TN was less than 5.0%. DON was calculated by subtracting NO x and ammonium concentrations from TN concentrations. Ammonium concentrations in pore water samples were determined by colorimetric analysis (Bower and Holm-Hansen, 1980; NERR SWMP protocols; TMG Sept06) . NO x (nitrates and nitrites) were determined with a Thermo Model 42 NOx chemiluminescence analyzer. Peak areas were quantified with a HewlettPackard chromatographic integrator. NO x concentrations were found to be negligible with respect to total nitrogen and ammonium concentrations with average nitrate and nitrite concentrations of 0.46 ± 0.43 uM [Corbett, 2012] .
DOC Photodegradation
[13] To examine the lability of surface pore waters, 100 mL samples of pore water from RLII Bog from 0.15 m and RLII Fen from 0.2 m were irradiated over a 4 day period in Teflon bottles by exposure to natural sunlight. These vessels transmit 46% of UVB and 56% of UVA [Molot and Dillion, 1997] . A 4 day period was used because similar irradiation experiments had been done that showed a significant decrease in fluorescence intensity after 4 days. Aliquots (1 mL) were taken out daily to measure changes in DOC fluorescence. To minimize concentration effects on fluorescence degradation in this experiment, the bog sample was diluted to the same DOC concentration as the fen sample at the start of the experiment since a positive relationship has been established between DOC concentration and fluorescence [Hudson et al., 2007] . Samples were analyzed for fluorescence using a Jobin Yvon SPEX Fluoromax-4 spectrophotometer with a Xenon Lamp light source [Tfaily et al., 2013] . The areas were used to compare fluorescence so that units are reported in QSE · nm 2 .
Results
Radiocarbon Depth Profiles
[14] Radiocarbon values of peat, DIC, and DOC in RLII Bog and Fen were compared over a 10 year period ( Figure 1 ). We do not report additional Δ 14 C-CH 4 samples as Chanton et al. [2008] found that the radiocarbon values of the respiration products CH 4 and CO 2 were similar at all depths. A plot of Δ 14 C-CH 4 vs. Δ 14 C-CO 2 had a slope of 0.95 and 0.97 for fens and bogs, respectively. A plot of Δ 14 C-CH 4 vs. Δ 14 C-CO 2 that includes data from other peatlands [Charman et al., 1994 [Charman et al., , 1999 Aravena et al., 1993; Clymo and Bryant, 2008] had a slope of 0.9 with an intercept of À21.0. These results suggest that only one of these gases needs to be analyzed for radiocarbon in GLAP peats to use radiocarbon to examine carbon cycling. Thus, the Δ 14 C values of DIC also represent Δ 14 C values of methane. A selected subset of samples was run and this trend was verified [Corbett, 2012] . At the RLII sites, DIC and DOC samples had similar radiocarbon values over the 10 year time span, and consistent yearly differences were not observed. In both the bog and fen, peat samples were more Δ 14 C depleted than the DIC and DOC samples. DIC radiocarbon values in RLII Bog were 10-100-kDa DOC concentrations of (a) RLII Bog pore water collected at 0 cm, (b) RLII Bog pore water collected at 300 cm, (c) RLII Fen pore water collected at 20 cm, and (d) RLII Fen pore water collected at 250 cm that is either >100 kDa (white), or has been filtered through a 100 kDa filter (black), a 10 kDa filter (dark grey), a 3 kDa filter (medium grey), or a 1 kDa filter (light grey).
in between the peat and DOC radiocarbon values ( Figure 1a ). The bog DOC was consistently enriched in radiocarbon as compared to the peat or DIC. This same pattern persisted at this site over the past decade and was also characteristic of two other bogs in Alberta, Canada and in Alaska [Chanton et al., 2008] . The radiocarbon analysis of RLII Fen peat, DIC, and DOC samples showed that peat radiocarbon was the most depleted while DIC radiocarbon values were similar to those of the DOC (Figure 1b) . Correcting the DIC values for ground water derived DIC did not affect these distributions [Corbett, 2012; Corbett et al., 2012; Chasar et al., 2000] .
[15] The DOC radiocarbon values for RLIV Bog were similar to but slightly Δ 14 C enriched relative to the peat. DIC radiocarbon values were similar to both of these sources (Figure 2a ). In the RLIV Fen, DOC was more enriched in radiocarbon than the corresponding peat and more enriched than bog DOC (Figure 2b) . Radiocarbon values of DIC were more depleted than those of DOC at more shallow depths in the RLIV Fen and then were more enriched than DOC values at depths at below 200 cm for 2008 and 100 cm for 2009.
[16] At the Sturgeon River (SR) bog, DIC radiocarbon values overlapped with peat values (Figure 2c ). SR Bog DOC radiocarbon was slightly more enriched than DIC or peat values. Nearby SR Bog peat radiocarbon values were used in Figure 2d to compare with DOC and DIC SR Fen radiocarbon profiles since radiocarbon data for the SR Fen peat were not available. There was little difference between bog and fen peat Δ 14 C depth profiles across the GLAP especially between bog/fen pairs (Figure 3) , suggesting that this substitution was valid. These data also indicate that peat is accumulating at about the same rate in bogs and fens at the GLAP. Both DIC and DOC Δ 14 C in SR fen peats were enriched relative to the SR bog peat. SR Bog DIC radiocarbon was closer to peat than SR Fen DIC, whereas DOC from the SR Fen was more enriched than SR Bog DOC.
Radiocarbon Index
[17] A radiocarbon index (RI) was calculated with the equation:
to quantitatively express the difference in radiocarbon values between DIC (Δ 14 C-DIC) and peat (Δ 14 C-peat) and DOC Filter size NF 100 10 3 1 NF 100 10 3 1 Figure 6 . Δ 14 C-DOC values of (a) RLII Bog pore water collected at 0 cm, (b) RLII Bog pore water collected at 300 cm, (c) RLII Fen pore water collected at 20 cm, and (d) RLII Fen pore water collected at 250 cm that is either bulk sample (white), or has been filtered through a 100 kDa filter (black), a 10 kDa filter (dark grey), a 3 kDa filter (medium grey) (lost while processing), or a 1 kDa filter (light grey). 
Size Fractionation
[18] Bog DOC concentrations and size distributions were similar for 0 and 300 cm, overall. Pore water from 0 cm had a slightly higher DOC concentration for NF (nonfiltered) and 100 kDa but was similar in DOC concentration to 300 cm for 10, 3, and 1 kDa size ranges. Fen DOC concentrations were slightly lower in the 20 cm sample than the 250 cm sample, but size distributions were similar between the two depths (Table 2 and Figure 5 ). The fen samples had a higher fraction of LMW-DOC (DOC < 1 kDa) as compared to the bog samples. For RLII Bog samples, 31% and 37% of the total DOC were LMW-DOC at 0 cm and 300 cm, respectively (Figures 5a and 5b) . For RLII Fen samples, 61% and 58% of the total DOC were LMW-DOC at 20 cm and 250 cm, respectively (Figures 5c and 5d) . In a similar fashion, the relative concentration of HMW-DOC (defined here as the >10 kDa fraction) is more than a factor of two larger in the bog (46% and 42% at 0 cm and 300 cm) than in the fen (18% and 14% at 20 cm and 250 cm, respectively).
[19] The DOC/DON ratio of bog and fen samples that had been passed through the 1 kDa filters were compared with those of the bulk samples as shown in Table 3 . The RLII Bog sample from 0 cm had a higher DOC/DON ratio for the ≤1 kDa sample as compared to the bulk, nonfiltered sample. The DOC/DON ratio was slightly higher for the bulk RLII Bog sample from 300 cm than the ratio of the bulk surficial sample. The RLII Fen sample from 20 cm and 250 cm had higher ratios for the ≤1 kDa samples as compared to the bulk samples. Surficial DOC samples were radiocarbon enriched relative to deep samples in both fen and bog (Figures 6a-6d ). The fen sample from 20 cm showed a depletion in Δ 14 C between the bulk sample and the ≤1 kDa, but in the Δ 14 C was similar in the bulk sample and the ≤1 kDa was similar in the fen sample from 250 cm. The bog showed a depletion of Δ 14 C between the bulk sample and the ≤1 kDa size fractions at 0 and 300 cm depths.
Irradiation
[20] Fluorescence intensities are reported for spectral features (peaks) previously defined by Coble [1996] and were quantified by integrating over the specific excitation and emission wavelengths characteristic of these peaks. Specifically, peaks A and C represent humic-like terrestrial material with the fluorophores responsible for peak A stimulated by UV light and those responsible for peak C stimulated by visible light. DOC degradation was 3.1 and 12 times greater for fen DOC than bog DOC based on the decrease with time in the fluorescence of peaks C and A, respectively (Table 4 , Figures 7a and 7b) . ) after a period of irradiation under natural sunlight of (a) RLII Bog samples from 0.15 m at 3 mM for peak A (black circles) and peak C (black squares) and (b) RLII Fen samples from 0.2 m at 3 mM for peak A (black circles) and peak C (black squares).
Incubations
[21] The radiocarbon values of DIC and DOC collected in the field were compared with DIC and DOC values obtained from peat incubations in Figures 8a-8c . All peats were rinsed prior to incubation so the only source of DOC in each vial was the peat. Below the near-surface sampling point, RLII Bog DIC radiocarbon values were similar for both field and incubation samples (Figure 8a ), and were slightly more enriched than the incubated peat. DOC radiocarbon values from incubations were more depleted than DOC samples collected in the field and matched both sets of DIC Δ 14 C values. DOC radiocarbon values from the peat incubations were also slightly more enriched than the incubated peat.
[22] RLII and RLIV Fen radiocarbon values for DOC and DIC from incubations were strikingly similar and were much more depleted in Δ 14 C than field values (Figures 8b and 8c ). In the fen incubations, the DIC and DOC that were produced had radiocarbon values that almost exactly matched the incubated peat radiocarbon values.
Discussion
[23] The results of this study have shown that (1) radiocarbon profiles in a bog and fen did not vary over a 10 year period (Figure 1 ), (2) field radiocarbon values of DOC and respiration products were Δ 14 C enriched over the length of the peat column relative to the solid phase peat in the two new fens that were characterized, whereas in the two new bogs, DIC and peat had relatively similar Δ 14 C values with the DOC being only slightly enriched (Figures 2 and 4) , (3) a higher portion of LMW-DOC was present in fens as compared to bogs (Figure 5 ), (4) in the bog the LMW size fraction was older than the HMW size fraction as in surface fen, but in the deep fen the LMW and HMW size fractions had similar radiocarbon values (Figure 6 ), (5) DOC/DON ratios were higher, overall, in the LMW size fraction from both the bog and fen samples (Table 3) , and (6) modern DOC found at depth in peat columns must be derived from downward advection as it was not derived from the adjacent peat itself (Figure 8 ). 
Radiocarbon Depth Profiles
[24] By analyzing the Δ 14 C of microbial respiration and fermentation products, we can determine the source of substrates supporting microbial populations. Radiocarbon is useful for investigating the sources of respiration and fermentation because the stable carbon isotopes of both DOC and peat in the fens and bogs we studied have δ 13 C signatures of about À26‰ (see supporting information). However, DOC has often been found to be significantly enriched in radiocarbon as compared to the peat due to the relative contributions of differing DOC sources. .
[25] In the GLAP system, and in other peatlands, microbial respiration at a particular horizon may be supported by two carbon sources. The first is DOC derived from surface vegetation (e.g., root exudates) that is advected downward and is also enriched in radiocarbon. Advection rates in bogs may be higher than previously reported in Siegel and Glaser [1987] based on a recently developed inverse pore water model [Corbett, 2012] . Work is being done to develop these results. The second is the peat itself [Chanton et al., 2008] , and DOC produced by peat decomposition will have the same radiocarbon signature as the peat (Figure 8 ). Because DOC in peatlands has these two possible sources, the relative contributions (and relative reactivities) of these two sources play a major role in controlling the radiocarbon signatures of pore water DOC and DIC.
[26] If both types of DOC are input to pore water and are equally reactive at depth then DIC should have a radiocarbon signature similar to that of the DOC. The RLII Fen shows this type of behavior. Here DOC is enriched in radiocarbon relative to the peat as a function of depth due to the input (downward advection) of surface (e.g., root exudates) DOC, while the decrease with depth in the DOC radiocarbon content occurs because of the input of peat-derived DOC whose radiocarbon content decreases with depth.
[27] If both types of DOC are input to peat below the surface but peat-derived DOC now has a lower reactivity at depth (i.e., there is selective remineralization of the more modern component of the bulk DOC derived from surface vegetation), then the DIC at depth will be slightly enriched in radiocarbon relative to the bulk DOC at depth, which again should have a radiocarbon content intermediate of that in the peat and the surface pore water DOC. The RLIV Fen appears to show this type of behavior for both years 2008 and 2009 (Figure 2b ). Similar observations of gases (CH 4 and CO 2 ) with more enriched radiocarbon values than either DOC or peat have also been made by Charman et al. [1999] and Clymo and Bryant [2008] .
[28] In contrast, if DOC production from peat exceeds downward advection of DOC from surface plants and/or this surface DOC has a lower reactivity than peat-derived DOC, then the DIC radiocarbon content will be intermediate between that of the peat and the bulk DOC. The RLII Bog (Figure 1a ) and the SR Fen (Figure 2d ) show this type of behavior. As noted earlier, data from the RLII Bog in the 1990s showed a similar arrangement of DIC radiocarbon values relative to peat and DOC radiocarbon values (Figure 1a) , as do data from two other bogs, Turnagain Bog in Alaska and Bleak Lake Bog in Alberta, Canada [Chanton et al., 2008] . In fact, due to changes in pore water-groundwater mixing such as drought-like conditions, changes in the pore water chemistry profiles within a site have been observed [Siegel et al., 1995] . Therefore, the amount of modern DOC advected downward may be altered with less surficial, modern DOC advected downward during a drought. Evidence of this change and an exception to the relatively constant temporal pattern of the radiocarbon data can be observed in the radiocarbon data of RLII Bog DOC from 3 m collected in 2007 as compared to 2008 and 2009 (Figure 1a) .
[29] At the same time, the results of the incubation of rinsed RLII Bog peat ( Figure 8A ) also suggest that the enriched pore water DIC values seen in this bog could be related to the selective degradation of modern organic matter found at depth in this bog (see section 4.4 for details). However, the results of this experiment also indicate that the in situ DOC radiocarbon profile in the RLII Bog cannot be explained solely by the selective degradation modern organic matter at depth, and that an explanation of this DOC radiocarbon profile in Figure 1a also requires the input of modern DOC derived from surface vegetation. Therefore, as discussed above for the fen profiles, the decrease with depth in the radiocarbon content of bulk DOC in the RLII Bog similarly appears to show evidence of these two DOC sources.
[30] Finally, if there is little input of root exudates into the deeper peat then the radiocarbon content of DOC and DIC should be similar, and should also essentially be the same as the peat. The RLIV Bog (Figure 2a ) and SR Bog (Figure 2c ) show this type of behavior, with DOC being only very slightly enriched relative to DIC and peat (except at the surface of the SR Bog). The fact that downward advection of surface, modern labile DOC is less important in these bogs may possibly be due to lower vertical hydraulic conductivity in these bogs relative to RLII or the Alaska and Canadian bogs [Chanton et al., 2008] .
[31] The difference between bog and fen DIC and DOC radiocarbon values is also illustrated quantitatively with a radiocarbon index as shown in Figure 4 . These findings indicate that across all bog and fen sites, fen DOC is preferentially respired by microbes over the solid-phase peat. However, the apparent increased lability of fen DOC over bog DOC may be better thought of in terms of differences in the relative importance of surface (root exudate-derived) DOC versus peat decomposition-derived DOC.
[32] The discussion above provides a reasonable set of explanations for the radiocarbon profiles in Figures 1 and 2 , based on these two proposed sources of DOC to peats and possible vertical (downward) advection of pore water from surface to deep. However, other factors may also be important in explaining these profiles, including lateral (downslope) water transport between closely located bogs and fens [e.g., D'Andrilli et al., 2010] .
[33] In addition, to further understand controls on the composition and reactivity of bog versus fen DOC, it is important to have knowledge of differences in the source peat material. The peat C/N ratio reflects the surface vegetation. Following the C/N (by mass) patterns of midsummer living surface vegetation Carex has a value of 25 ± 3 and Sphagnum has a value of 45 ± 18 (Chanton, unpublished data) . These values are similar to those in northern Ontario (Canada) peatlands [Glaser et al., 2004] where fen peat has C/N values close to 25 and bog peat has values of 40-115. At GLAP, fen solid phase peat was also found to have a lower C/N ratio than bog solid phase peat [ Table 3 and Chanton et al., 2008] . We interpret these differences in C/N ratios to indicate that fen peat is more labile than bog peat due to inherent differences in the organic matter found in the surface vegetation. In addition, Clymo and Hayward [1982] point out that the inherently slow rate of decay that is characteristic of Sphagnum is due in part to its very low nitrogen content, which inhibits microbial attack.
Reactivity of Bog Versus Fen DOC
[34] Detailed organic geochemical analyses of DOC at fen and bog sites in the GLAP complex [Tfaily et al., 2013] are consistent with the hypothesis that fen DOC is more reactive and labile than bog DOC. These analyses have indicated few changes with depth in bog DOC, but distinct changes in the DOC character in fens. Bog DOC (at all depths), and surface fen DOC have high levels of aromaticity. Fen DOC aromaticity decreases with depth [Tfaily et al., 2013] . Molecular weight estimates based on DOC fluorescence, absorbance ratios and mass spectrometry [Tfaily et al., 2013] , suggest that fen DOC is of lower molecular weight than bog DOC, consistent with the DOC size fractionation results presented here ( Figure 5 and Table 2 ). The lack of change in the character of DOC in the bogs is consistent with their lower hydraulic conductivity and the formation and utilization of the DOC at a particular horizon rather than its advection and subsequent reaction down the peat column.
[35] The C/N ratios of bulk DOC (Table 3) further support these broad-scale differences in the reactivity of bog versus fen DOC. In the LMW-DOC fraction, there are also significant differences in the DOC/DON ratio between surface and deep fen pore waters, with the deep LMW-DOC in the fen being significantly depleted in nitrogen (and presumably less reactive) than LMW-DOC in the surface fen.
[36] As a proxy for DOC reactivity, the results of our photodegradation studies indicate that surface fen DOC was 3-12 times more photo-reactive than surface bog DOC (Figure 7) . Previous fluorescence studies that look at the degradation of DOC with depth have also found the fen DOC to be more reactive than the bog [Tfaily et al., 2013] . The presence of more photolabile fluorophores in the surface fen DOC as compared to the bog in the surface pore water may be due to the additional input of photolabile DOC from root exudates.
Molecular Weight and Reactivity
[37] The size-reactivity model for the degradation of organic matter in aqueous systems suggests that CO 2 , ammonia, and LMW-DOC are products of the decomposition of HMW-DOC and ultimately POC [Amon and Benner, 1996; Burdige and Gardner, 1998 ]. Briefly, particulate organic carbon (POC) is broken down (by either hydrolysis or oxidative cleavage) to HMW-DOC, which is then either: (1) degraded by further hydrolysis and/or fermentation to mLMW-DOC (monomeric LMW-DOC) such as organic acids like acetate, which in turn can be degraded to CO 2 via respiration (a fast process), or (2) degraded to pLMW-DOC (polymeric LMW-DOC), which is degraded by further hydrolysis and/or respiration to mLMW-DOC (a slow process, which can lead to the buildup of the pLMW-DOC) and then to CO 2 via respiration [Alperin et al., 1994; Burdige and Gardner, 1998 ].
[38] 1. POC → HMW-DOC →mLMW-DOC → CO 2 [39] 2. POC → HMW-DOC → LMW-DOC → LMW-DOC → CO 2
[40] This model suggests that different forms of LMW-DOC can be intermediates in organic matter breakdown as well as a product of degradation processes. Although still technically an intermediate, more refractory components of the LMW-DOC pool (e.g., pLMW-DOC) may actually end up being stored due to their refractory and/or nonreactive nature. The decomposition of HMW-DOC to LMW-DOC is accompanied by loss of organic N and the release of ammonia [Corbett, 2012] .
[41] A study done of a temperate estuary found that a significant amount of the total DOC had a molecular weight less than 3 kDa and that the concentration of the low molecular weight fraction increased with depth in the sediment [Burdige and Gardner, 1998] . A recent study of the DOC in prairie pothole lake sediments similarly showed that much of the DOC accumulating in these sediment pore waters is also of low molecular weight [Ziegelgruber et al., 2013] . Burdige and Gardner [1998] attributed refractory characteristics to this LMW-DOC, and McArthur and Richardson [2002] found lower bacterial growth from the LMW fraction (<10 kDa) of the leachate of forest litterfall collected from several rivers in British Columbia.
[42] Our results demonstrate that the size-reactivity model, which was developed for marine systems, may be applied, with some modification, to bogs and to fens. Specifically, fen DOC contained about twice as much LMW-DOC (≤1 kDa) as did bog DOC ( Figure 5 ). This could be the results of rapid processing of HMW-DOC to generate LMW-DOC consistent with the greater reactivity of fen DOC. Of course, it is also likely that fen pore water has an additional source of LMW-DOC from the direct input of LMW-DOC from root exudates. Root exudates have been found to be comprised of labile, LMW-DOC especially organic acids [Dakora and Phillips, 2002; Jones, 1998; van Hees et al., 2005] . The input of LMW-DOC from root exudates would bypass the HMW-DOC component of the size reactivity model described above. In the fen, decomposition may quickly lead to the production of LMW-DOC near the surface, and LMW-DOC is also added to fen pore waters from root exudates. This LMW-DOC can then be transported downward by advection.
[43] A further examination of our size fractionation data indicates that in terms of relative concentrations bog DOC also has more than twice as much HMW-DOC (> 10 kDa) than does fen DOC (~42-46% in bogs to <20% in fens). This appears to conflict with the size-reactivity model, since HMW-DOC is presumed to generally be a more reactive subfraction of the DOC pool [Amon and Benner, 1996; Burdige and Gardner, 1998 ]. DOC reactivity in peat systems is determined by both the composition of the DOC and environmental conditions (nature versus nurture) [Chanton et al., 2008] . Sphagnum (in bogs) produces poly-phenolic aromatic compounds and other tannin-like compounds known to inhibit microbial activity [Tfaily et al., 2013] . For these types of compounds, oxidative processes are important in the initiation of their decomposition. These processes are, however, dependent upon both pH (acidic in bogs) and oxygen availability (low in bog pore water), which results in lower rates of decomposition and the buildup of HMW-DOC in bogs Tfaily et al., 2013] . Marine systems differ in that proteins and carbohydrates generally predominate, and hydrolysis is more important in the initial decomposition of particulate organic matter [Burdige, 2006] .
[44] Therefore, without the presence of plant roots that may actively pump O 2 into bogs, there should be less oxygen penetration in bogs than in fen, inhibiting the function of oxidative enzymes such as phenol oxidase . This inhibition will then slow down the further breakdown of HMW-DOC in bogs versus fens, and explain the buildup of HMW-DOC in bogs. The fact that the HMW-DOC in bogs is younger than the LMW-DOC (Figure 6 ) is also consistent with this explanation, assuming that the LMW-DOC is largely comprised largely of refractory pLMW-DOC, and that this oxygen effect represents a "choke point" that slows down the degradation of more reactive HMW-DOC intermediates.
Incubations
[45] Generally, DOC and DIC that were produced in the incubation of rinsed peat had radiocarbon values that were more depleted than in situ pore water values for these same materials (Figure 8) . In previous discussions, we hypothesized that the modern radiocarbon in DOC at depth from field samples resulted from either: (1) downward advection of surficial pore water containing labile (and more modern) DOC (e.g., root exudates) or (2) selective mineralization of more modern material within a peat horizon. Figure 3 shows that peat ages at bog and fen sites can vary widely at certain depths, suggesting the burial of mixtures of modern and old peats fractions . Modern peat components may be available at depth due to the reach of previously living plant roots (i.e., roots from Picea mariana present in the bogs and Carex present in the fen). Due to the water saturation of these peatlands, it is unlikely that live roots could penetrate deep enough to allow for the modern radiocarbon DOC signatures seen at depth. However, we could not completely rule out this possibility without the incubation study described here, which examined the production (and radiocarbon content) of DOC directly produced from the peat itself. In our studies, evidence of some modern peat component at depth is only seen in the incubations with RLII Bog peat.
[46] DOC and DIC produced during these incubations had radiocarbon values that matched more closely with the peat values at each respective depth than they did with the in situ pore water DOC and DIC values. This occurred because peat was the only carbon source for DOC production in the incubations, and ultimately, for the DIC that was produced from this DOC. Therefore, the radiocarbon values of the DOC and DIC produced in the incubations were significantly more depleted than the DOC and DIC radiocarbon values from samples taken in the field.
[47] It was previously unknown whether the modern DOC signatures in deep peat pore waters came from surficial vegetation or from selective remineralization of modern peats relative to older peat at each depth. These incubation results definitively demonstrate that these modern DOC signatures do not come from the decomposition of peat at depth and must be advected down from the surface. These incubations also provide evidence in support of the explanations in section 4.1 of the radiocarbon depth distributions in Figures 1 and 2 . Therefore, surficial organic matter production contributes to microbial respiration at depth within the peat column, especially in fens. Many peatlands will be a continuum and not be clearly distinguished as bogs or fens; however, it is useful to recognize the characteristics of these end-member environments.
Conclusions
[48] In the GLAP system and in other peatlands in general, microbial respiration below the water table is supported by two carbon sources. The first is DOC derived from surface vegetation (e.g., root exudates) that has been advected downward, and which is also enriched in radiocarbon. The second is the peat itself, and DOC produced by peat decomposition will have the same radiocarbon signature as the peat. Because DOC in peatlands has these two possible sources, the relative contributions (and relative reactivities) of these two sources play a major role in controlling the radiocarbon signatures of pore water DOC and DIC as compared to that of the peat itself.
[49] The presence of modern DOC at depth in both some bog and all fen environments strongly indicates that surficial DOC is brought to deeper portions of the peat column by downward advection of pore water. Incubation studies with rinsed peat conclusively demonstrate the importance of this downward advection as the source of Δ
14
C enriched pore water DOC. Differences in pore water DOC molecular weight distributions between bogs and fens appear to be related to the differential contributions of these two DOC sources, and differences in oxygenation of bogs and fens and its impact on the dynamics of DOC cycling.
[50] The results of this study also support the observations from past work that fen DOC is (in general) more labile than bog DOC. The differences in DOC lability between bogs and fens suggest these systems may behave differently in response to climate change. Although exceedingly difficult to predict, some scenarios suggest that ongoing and expected climate change may favor vascular plants expansion and a reduction in bryophytes (Sphagnum spp.) [Bragazza et al., 2012; Post et al., 2009; Walker et al., 2006] . This change would apparently favor the production of more labile organic material that could then be more easily remineralized to greenhouse gases (CO 2 and CH 4 ) creating a positive feedback on a warming climate.
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